Introduction
============

Atherosclerotic disease and stroke are the leading causes of death and disability around the world, and myocardial infarction contributes to most of the morbidity and mortality.[@b1-dddt-13-767],[@b2-dddt-13-767] Currently, reperfusion, including percutaneous coronary intervention and thrombolysis, is considered to be the most effective therapy to protect ischemic damage during myocardial infarction. However, reperfusion after myocardial infarction may cause myocardial ischemia reperfusion (I/R) injury, which becomes a major cause of death in acute myocardial infarction patients after reperfusion.[@b3-dddt-13-767]

Previous studies reported that I/R might cause injury through induction of excessive myocardial endoplasmic reticulum (ER) stress. ER is a vital organelle for protein folding and maturation in eukaryotic cells.[@b4-dddt-13-767],[@b5-dddt-13-767] Moderate ER stress can upregulate the release of chaperone proteins including glucose-regulating protein 78 and calreticulin, which is protective and plays an important role in recognition and degradation of misfolded proteins.[@b6-dddt-13-767] However, prolonged or severe ER stress, which can be triggered by I/R injury, will cause cell apoptosis through increasing proapoptotic proteins (Bax) while decreasing antiapoptotic proteins (Bcl-2), and activation of caspases.[@b7-dddt-13-767] Hence, suppressing ER stress-induced apoptosis has become an effective therapy for the treatment of myocardial I/R injury.[@b8-dddt-13-767]

Ginkgolide B (GB) is one of the major terpene lactone components found in *Ginkgo biloba* extracts. Previous researches indicated that GB (also named BN 52021) was a specific and potent antagonist of platelet-activating factor (PAF) receptor, and it could inhibit PAF-induced cascade effect in inflammatory reactions.[@b9-dddt-13-767]--[@b12-dddt-13-767] Several studies suggested that GB showed remarkable neuroprotective effects in animal models of focal cerebral I/R injury.[@b13-dddt-13-767]--[@b15-dddt-13-767] Studies have examined the protective role of GB against myocardial infarction since the late 1980s.[@b16-dddt-13-767]--[@b18-dddt-13-767] In addition, a study showed that GB could improve the contractile function in isolated cardiomyocytes from I/R rats, which indicate GB can partly prevent IR injury in rat heart.[@b19-dddt-13-767] Recently, GB was proved to be a promising candidate against IR-induced myocardial dysfunction via reducing degradation of the membrane phospholipids.[@b20-dddt-13-767] In particular, GB exerted cardioprotective properties against doxorubicin-induced cardiotoxicity by reducing ROS via regulating Akt and calcium signaling pathways.[@b21-dddt-13-767] Thus, the underlying cardioprotective mechanism of GB in myocardial I/R requires further investigations.

In our present study, animal models of myocardial I/R injury were constructed to investigate the effect of GB treatment on myocardial I/R injury and the underlying mechanism. We observed that GB treatment ameliorated myocardial I/R injury through inhibiting ER stress-induced apoptosis. This study may shed light on therapeutic strategy for myocardial I/R injury.

Materials and methods
=====================

Construction of animal model and grouping
-----------------------------------------

The animal study followed the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication 85-23, revised 1996). The research was approved by the Medical Ethics Committee of the First Affiliated Hospital Xinxiang Medical University. Pathogen-free, healthy male Sprague Dawley rats (280±20 g) were purchased from Experimental Animal Center of the First Affiliated Hospital Xinxiang Medical University.

Coronary artery ligation method was used to establish the I/R injury model.[@b22-dddt-13-767] Rats received endotracheal intubation and artificial ventilation after anesthetizing with sodium pentobarbital intraperitoneal injection (30 mg/kg). Thread was passed through the left coronary artery after exposure of heart. Another two threads were drawn from the knot to loosen the ligation. Left coronary artery was ligated to produce ischemia, and local myocardium appeared cyanosis after ligation. Then, after 1 hour of ischemia, the ligation was loosened to restore blood flow, leading to reperfusion which lasted for 1 hour in this study.

Rats were randomly divided into six groups as follows (n=8 per group): 1) Sham group was operated with no ischemia. 2) Sham+GB group was operated with no ischemia and given GB at 15 mg/kg. 3) I/R model group was operated with I/R. 4) I/R+GB group was operated with I/R and given GB 15 mg/kg.[@b20-dddt-13-767] 5) IR+tunicamycin group was operated with I/R and given tunicamycin (10 mg/mL).[@b23-dddt-13-767] 6) I/R+GB+tunicamycin group was operated with I/R and given GB (15 mg/kg) with tunicamycin (10 mg/mL).[@b7-dddt-13-767] I/R+LY294002 group was operated with I/R and given LY294002 (10 mg/kg).[@b8-dddt-13-767] I/R+GB+LY294002 group was operated with I/R and given GB (15 mg/kg) with LY294002 (10 mg/kg).[@b9-dddt-13-767] I/R+AG490 group was operated with I/R and given AG490 (10 mg/kg).[@b10-dddt-13-767] I/R+GB+AG490 group was operated with I/R and given GB (15 mg/kg) with AG490 (1 mg/kg).[@b24-dddt-13-767] GB was dissolved in 1 M NaOH, diluted with isotonic saline, and adjusted to a pH of 7.0--8.0 with HCl. Rats were administered GB through intravenous infusion 10 minutes prior to the left coronary artery the left occlusion.[@b20-dddt-13-767] After 25 minutes reperfusion, LY294002/tunicamycin/AG490 was present for comparison of effects upon followed IR. At the end of the study, blood of each rat was collected for detection. Rats were sacrificed and their heart tissues were collected for the following experiments.

Detection of myocardial enzyme levels in serum
----------------------------------------------

Rats were sacrificed and blood was collected; then, serum was separated to measure the heart muscle damage, and some indicators, including cardiac troponin I (cTnI), cardiac troponin T (cTnT), lactic dehydrogenase (LDH), and myoglobin (Mb), were evaluated in the serum. The levels of enzyme were determined using a 200FR NEO automatic biochemical analyzer (Toshiba, Tokyo, Japan).

HE staining
-----------

At the end of the study, myocardial samples of left ventricle were collected and fixed in a 4% buffered paraformaldehyde solution for 24 hours. Then, tissues were dehydrated, embedded in paraffin, and cut into 4-μm-thick sections for HE staining and then examined under light microscopy in six randomly selected areas.[@b25-dddt-13-767]

Western blot assay
------------------

Proteins were extracted using RIPA lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) according to the manufacturer's instructions. The same amount (20 μg) of proteins was separated by 10% SDS-PAGE gel and then transferred onto polyvinylidene fluoride (PVDF) membranes. Following blocking, the membrane was incubated with the following primary antibodies (Cell Signaling, San Jose, CA, USA) at 4°C overnight: p-PERK, p-IRE1α, ATF6, p-AKT, mTOR, and GAPDH. After a secondary antibody (Cell Signaling) was added for incubation of 1 hour, the membranes were detected using a ChemiDoc XRS imaging system.

TUNEL staining
--------------

The 4-μm-thick sections of myocardial tissues were used for TUNEL staining to label the nuclei of apoptotic cells. Sections were incubated in 3% H~2~O~2~ and then in the TUNEL reaction mixture. The sections were rinsed and visualized using DAB. Hematoxylin was used for counterstaining. The numbers of TUNEL-positive cells of five random fields were counted under light microscopy. The apoptosis index was calculated as the percent of TUNEL-positive cells relative to the total cells.

Statistical analysis
--------------------

The data were expressed as the mean±SD of independent experiments. Statistical analysis was performed using Student's *t*-test or one-way ANOVA. The difference was considered statistically significant at *P*\<0.05. All statistical analyses were performed with SPSS 19.0.

Results
=======

GB ameliorates myocardial I/R injury
------------------------------------

To evaluate the protective effect of GB against myocardial I/R injury, we detected the levels of cTnI, cTnT, LDH, and Mb in the serum of rats from different groups. Significantly increased levels of cTnI, cTnT, LDH, and Mb were observed in I/R group compared to that in Sham group. However, GB treatment suppressed the increased cTnI, cTnT, LDH, and Mb levels induced by I/R remarkably ([Figure 1A--D](#f1-dddt-13-767){ref-type="fig"}, *P*\<0.05). In addition, as shown in [Figure 1E](#f1-dddt-13-767){ref-type="fig"}, GB treatment also ameliorated the damaged and irregularly arranged myocardial cells induced by I/R injury ([Figure 1E](#f1-dddt-13-767){ref-type="fig"}). These results indicated that GB could ameliorate myocardial I/R injury.

GB inhibits ER stress induced by I/R
------------------------------------

During ER stress, the subsequent unfolded protein response (UPR), which consists of three highly coordinated signaling pathways (PERK pathway, IRE1α pathway, and ATF6 pathway), was activated.[@b15-dddt-13-767] Thus, we determined the phosphorylation levels of PERK and IRE1α and the relative expression of ATF6, Bax, and Bcl-2 by Western blot. Our data showed that elevated levels of p-PERK, p-IRE1α, Bax, and ATF6 caused by I/R injury was suppressed significantly by GB treatment ([Figure 2A and B](#f2-dddt-13-767){ref-type="fig"}, *P*\<0.05). Moreover, results from TUNEL assay also showed that GB treatment decreased the number of apoptosis cells compared to I/R group ([Figure 2C and D](#f2-dddt-13-767){ref-type="fig"}, *P*\<0.05). Our data suggested that GB inhibited ER stress induced by I/R.

ER stress activator tunicamycin counteracts the effects of GB on I/R injury
---------------------------------------------------------------------------

To demonstrate that GB could ameliorate ER stress during I/R injury, ER stress tunicamycin was used to treat rats in the experiments. We observed that tunicamycin increased ATF6, cleaved Caspase-12, and p-IRE1α expressions in I/R group and I/R+tunicamycin group ([Figure 3A and B](#f3-dddt-13-767){ref-type="fig"}, *P*\<0.05). In addition, tunicamycin counteracted the protective effects of GB on myocardial damage and also increased apoptosis index compared to I/R+GB group ([Figure 3C--E](#f3-dddt-13-767){ref-type="fig"}, *P*\<0.05). Besides that, tunicamycin treatment increased cTnI and cTnT levels compared to I/R+GB group remarkably ([Figure 3F and G](#f3-dddt-13-767){ref-type="fig"},*P*\<0.05). In summary, these results demonstrated that activation of ER stress could counteract the protective effects of GB on I/R injury.

GB exerts protective effects against I/R injury through activation of PI3K/AKT/mTOR pathway
-------------------------------------------------------------------------------------------

PI3K/AKT/mTOR and SAFE signaling pathways are reported to be involved in ER stress-triggered apoptosis.[@b16-dddt-13-767],[@b24-dddt-13-767] Results from Western blot showed that relative expressions of p-AKT, p-mTOR, and p-STAT3 were downregulated in I/R group while upregulated in I/R+GB group, suggesting that GB activated PI3K/AKT/mTOR and SAFE signaling pathways in I/R ([Figure 4A and B](#f4-dddt-13-767){ref-type="fig"}, *P*\<0.05). Inhibition of PI3K/AKT/mTOR pathway by LY294002 increased cTnI and cTnT levels as well as apoptosis index compared to I/R+GB group ([Figure 4C and D](#f4-dddt-13-767){ref-type="fig"}, *P*\<0.05). Inhibition of the SAFE pathway by AG490 showed the same results. These results indicated that GB exerted protective effects against I/R injury via activation of PI3K/AKT/mTOR and SAFE signaling pathways.

Discussion
==========

Myocardial I/R injury has caused high morbidity and mortality worldwide, making it a considerable challenge to solve this problem. In our present study, we showed that GB ameliorated I/R injury in myocardial I/R animal model through inhibiting ER stress-induced apoptosis via activation of PI3K/AKT/mTOR signaling pathway. The myocardial protective effects of GB may make it an effective agent for the treatment of I/R injury.

GB is a lactone component isolated from *G. biloba*. It has been reported that GB has neuroprotective effects against ischemia-induced brain injury both in vitro and in vivo.[@b26-dddt-13-767]--[@b28-dddt-13-767] GB is reported to reduce neuronal damage in rats following transient forebrain ischemia, and the beneficial effects of GB were due to inhibition of PAF, which was a potent mediator of many inflammatory processes.[@b9-dddt-13-767] Besides, several studies elucidated that GB acted as a PAF antagonist and had a protective effect against myocardial I/R injury.[@b16-dddt-13-767]--[@b21-dddt-13-767] Here, we explored another mechanism of how GB exerted protective effects against myocardial I/R injury.

During myocardial ischemia, the membranes of cardiac muscle cells were damaged, leading to the release of myocardial enzymes and proteins including cTnI, cTnT, LDH, and Mb into peripheral blood. Therefore, detecting the levels of cTnI, cTnT, LDH, and Mb in peripheral blood can reflect the degree of myocardial ischemia necrosis.[@b29-dddt-13-767] In our study, we observed that GB treatment downregulated the high levels of cTnI, cTnT, LDH, and Mb and also improved the damaged myocardial cells induced by I/R injury significantly, indicating that GB mitigated myocardial injury in myocardial I/R model rats. Accumulating evidences indicated that excessive, prolonged ER stress played an important role in inducing cell death, especially apoptosis.[@b30-dddt-13-767],[@b31-dddt-13-767] Recent studies demonstrated that overproduction of ROS could activate ER stress-induced myocardial apoptosis. Thus, inhibition of ER stress could be cardioprotective in the setting of myocardial I/R injury.[@b30-dddt-13-767],[@b32-dddt-13-767] In response of ER stress, the UPR which can minimize the accumulation and aggregation of misfolded proteins is activated. UPR consists of three highly coordinated signaling pathways including PERK, IRE1α, and ATF6 pathways. These three key proteins are also responsible for the proapoptotic pathways of UPR during ER stress-mediated apoptosis caused by prolonged stress.[@b33-dddt-13-767] In this present study, we detected the phosphorylation levels of PERK, IRE1α, and the relative expression of ATF6 by Western blot, and as a result, these three proteins were all significantly increased after I/R injury. I/R injury also increased apoptosis index compared to control group. However, GB treatment suppressed the expressions of p-PERK, p-IRE1α, and ATF6 and also reduced apoptosis index compared to I/R group, indicating that GB exerted protective effects against myocardial I/R injury through suppressing ER stress-induced apoptosis. To verify our conclusion, ER stress activator tunicamycin was used to treat rats in combination with GB. Our results showed that activation of ER stress by tunicamycin counteracted the inhibitory effects of GB on cTnI and cTnT levels and apoptosis index, verifying our conclusion that GB ameliorated myocardial I/R injury via suppressing ER stress-induced apoptosis. As for the clinical relevance, the nanoparticle delivery of mitoprotective agents has applied to ischemic heart disease.[@b34-dddt-13-767] In this study, GB, as a mitoprotective agent, may be applied to the treatment in I/R by nanoparticle delivery.

The PI3K/AKT/mTOR signaling pathway is one of the most important signaling pathways in the regulation of multiple cellular processes including cell proliferation, growth, and apoptosis.[@b35-dddt-13-767],[@b36-dddt-13-767] UPR initiates programmed cell death via the transcriptional regulation of genes involved in cell death, including TRB3 which can inhibit activation of AKT and preventing the phosphorylation of AKT.[@b37-dddt-13-767] Therefore, there exists a crosstalk between the UPR and Akt signaling pathways. Zhang's study reported that increased ROS production might account for inhibition of the PI3K/Akt pathway and led to ER stress and mitochondrial dysfunction, which consequently induced apoptosis in L-02 hepatocytes.[@b38-dddt-13-767] Hence, we hypothesized that PI3K/AKT/mTOR signaling pathway might play a vital role in the ER stress-induced apoptosis. In this study, we found that GB increased the levels of p-AKT, p-mTOR, and p-STAT3 and counteracted with LY294002/AG490, suggesting that GB might suppress ER stress through activation of PI3K/AKT/mTOR and SAFE signaling pathways.

Limitations
-----------

Due to the limitation of equipment and fund, we did not evaluate left ventricular function or triphenyltetrazolium chloride staining, either with electrocardiograph. We evaluated the myocardial damage through the determination of cTnI, cTnT, LDH, and Mb levels as well as HE staining, which can also reflect the level of myocardial damage. Meanwhile, further studies need to be done on whether GB transmits signals from outside the cell or penetrates into the cell and induces a signal in the cytoplasm.

Conclusion
==========

Taken together, GB protected against myocardial I/R injury through inhibiting ER stress-induced apoptosis via PI3K/AKT/mTOR signaling pathway. This finding suggests that GB may be a potential therapeutic approach in the treatment of I/R injury.
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![GB ameliorates myocardial I/R injury.\
**Notes:** Sprague Dawley rats were divided into Sham, Sham+GB, I/R, and I/R+GB groups as mentioned above. (**A**--**D**) Levels of cTnI, cTnT, LDH, and Mb in peripheral blood were detected and compared. (**E**) HE staining of cardiac tissue. The bars show means±SD of three independent experiments. ^a^*P* \<0.5 compared with Sham group; ^b^*P* \<0.05 compared with I/R group.\
**Abbreviations:** cTnI, cardiac troponin I; cTnT, cardiac troponin T; GB, ginkgolide B; LDH, lactic dehydrogenase; Mb, myoglobin; I/R, ischemia reperfusion.](dddt-13-767Fig1){#f1-dddt-13-767}

![GB inhibits ER stress induced by I/R. Sprague Dawley rats were divided into Sham, Sham+GB, I/R, and I/R+GB groups as mentioned above. (**A**, **B**) Relative protein expression was detected by Western blot. (**C**) Apoptosis was measured by TUNEL assay. (**D**) Apoptosis index. The bars shows means±SD of three independent experiments. ^a^*P* \<0.5 compared with Sham group; ^b^*P* \<0.05 compared with I/R group.\
**Abbreviations:** ER, endoplasmic reticulum; GB, ginkgolide B; I/R, ischemia reperfusion; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling.](dddt-13-767Fig2){#f2-dddt-13-767}

![ER stress activator tunicamycin counteracts the effects of GB on I/R injury.\
**Notes:** Sprague Dawley rats were divided into Sham, I/R, I/R+GB, I/R+TM, and I/R+GB+TM groups. (**A**, **B**) Relative expression of proteins was detected by Western blot. (**C**) HE staining of cardiac tissue. (**D**, **E**) Apoptosis was detected by TUNEL assay. (**F**, **G**) Levels of cTnI and cTnT in peripheral blood were detected and compared. The bars showed means±SD of three independent experiments. ^a^*P* \<0.5 compared with Sham group; ^b^*P* \<0.05 compared with I/R group; ^c^*P* \<0.05 compared with I/R+GB group.\
**Abbreviations:** cTnI, cardiac troponin I; cTnT, cardiac troponin T; ER, endoplasmic reticulum; GB, ginkgolide B; I/R, ischemia reperfusion; TM, tunicamycin; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling.](dddt-13-767Fig3){#f3-dddt-13-767}

![GB exerts protective effects against I/R injury through activation of PI3K/AKT/mTOR pathway.\
**Notes:** Sprague Dawley rats were divided into Sham, I/R, I/R+GB, I/R+LY294002, I/R+GB+LY294002 \< I/R+AG490, and I/R+GB+AG490 groups. (**A**, **B**) Relative expression of proteins was detected by Western blot. (**C**, **D**) Levels of cTnI and cTnT in peripheral blood were detected and compared. The bars show means±SD of three independent experiments. ^a^*P* \<0.5 compared with Sham group; ^b^*P* \<0.05 compared with I/R group; ^c^*P* \<0.05 compared with I/R+GB group.\
**Abbreviations:** cTnI, cardiac troponin I; cTnT, cardiac troponin T; GB, ginkgolide B; I/R, ischemia reperfusion.](dddt-13-767Fig4){#f4-dddt-13-767}
